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Abstract: The low-carbon retrofitting of industrial heritage communities is an important issue for
reducing urban carbon emissions. Previous research on the judgment of heritage elements and carbon
emission factors of industrial heritage communities lacked the construction of elements within the
space, and the value judgment of conservation and the determination of low-carbon factors lacked a
systematic network analysis. Carbon spatial networks as a systematic approach can systematically
harmonize the contradictions between “conservation–transformation–low carbon” while considering
the spatial and temporal carbon emissions of nodes. This research uses hierarchical analysis to analyze
the value of heritage elements and locate them in space, then combine the elements that affect carbon
activities in space to form carbon space nodes integrated with heritage conservation elements, and
analyze the links between nodes to form a carbon space network. Then, this research uses a carbon
spatial network to dissect the structure of carbon emissions, calculate the carbon activity at nodes,
and reflect it into a parameterized platform to guide designers. After that, this research selected
16 industrial heritage communities in the severe cold region for the carbon activity measurement of
carbon spatial network node elements in the operation stage and conducted a correlation analysis to
obtain a correlation matrix model of node elements and carbon activities. Within the constraints of
heritage element protection, the results show that the volume ratio, green area ratio, and building
density of the carbon spatial network model have the greatest influence on its carbon performance,
followed by porosity and road density. Through case simulation verification, the floor area ratio
of industrial heritage communities should be controlled between 2.1–2.5, the number of residential
building floors should be 7–14, the road network density should be 4.16–4.50%, the green space
ratio should be 20–35%, and the porosity should be 35–45%. Taking the three major power road
communities in Harbin as an example, retrofit measures were decided by reference to relevant
parameter control intervals, resulting in a 21.1% reduction in energy consumption, an approximate
32.7% reduction in carbon emissions, and a 7.3% reduction in the annual percentage of hours in
extreme hot and cold environments.

Keywords: industrial heritage communities; carbon space networks; historic community preservation;
performance simulation; microclimate

1. Introduction

Today, the main cause of global warming is the emission of GHGs (e.g., CO2, CH4, etc.),
and its reduction has become an urgent issue. The heat island effect and deteriorating air
quality in urban areas are having a serious impact on human habitat, and the public health
of people in urban areas is being seriously affected. With urbanization, about 55% of the
world’s population currently lives in urban areas [1], and the number of urban dwellers is
expected to grow to 68% by 2050 [2]. Industrial heritage communities with high population
densities and building density will continue to be a significant contributor to global GHG
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emissions, accounting for approximately 50–60% of total GHG emissions and approximately
71–76% of total energy use [3,4] (Figure 1). Currently, urban development is shifting to stock
development, and industrial heritage communities, as the basic units that make up the
city, contain people’s productive lives and show all aspects of carbon activities. Industrial
heritage communities are both residential living areas for urban residents and symbols of
the city’s industrial civilization. In order to achieve industrial culture preservation and
enhance the living environment, it is necessary to improve their energy efficiency in order
to achieve the carbon neutral construction goals set by the government.
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According to preliminary statistics, nearly 160,000 old communities exist in China [3],
and 39,000 old communities will be retrofitted by 2025, with plans to achieve the full
retrofitting of old communities by 2025 [3,4], with industrial heritage communities ac-
counting for 1/4 of the target. The energy consumption and carbon emissions of indus-
trial heritage communities are about 23% higher than those of new communities, so it
is important to clarify the carbon activities of industrial heritage communities to reduce
energy consumption and carbon emissions. Industrial heritage communities often consume
large amounts of energy and produce large carbon emissions due to their inefficient and
high-emitting heating, ventilation, and air-conditioning (HVAC) systems, making it more
difficult to properly retrofit old buildings than new ones [5–7]. Today’s low-carbon retrofit
upgrades are merely superficial piles of new technologies and ideas, such as retrofitting
landscapes, adding rainwater harvesting systems, and other green retrofit technologies [8,9].
However, these approaches do not dig deeper into the carbon activities of the community
and do not systematically consider the elements on the nodes of the carbon space network.
At the same time, the specificity of industrial heritage communities represents a myriad
of retrofitting constraints, with fixed energy use, the nature of the site, and the difficulty
of changing the building form. In the retrofitting process, it has to adapt to the needs of
living and production, meet the requirements of heritage conservation, and, at the same
time, adapt to the direction of low-carbon development, which makes the low-carbon
improvement process challenging [10,11].

Therefore, the main purpose of this paper is to combine heritage conservation and low-
carbon retrofitting, integrate these two elements into a carbon spatial network of industrial
heritage communities, and then measure the basic values of the carbon spatial network
elements, consider the optimization of human settlements, and reconcile the contradictions
between heritage conservation and low-carbon renovation, so as to guide the conservation
and low-carbon retrofitting efforts. In a carbon spatial network, nodes of elements are
interconnected, and these elements act as information points in the network system, driving
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conservation and low-carbon retrofitting actions along the network connectivity, and are
control points for retrofitting in industrial heritage communities. Conservation and low
carbon are the broad framework of the whole system, and these control points connect
the decision points of designers and parameterized platforms—the whole carbon space
network. Low carbon and conservation decisions flow repeatedly, multiple times, and
in multiple cascades along the network node linkages, and, when this cascade of flows
and interconnected information feedback loops are combined, a complete carbon spatial
network is formed [12,13]. The carbon space network will, therefore, revolutionize the
preservation and transformation of industrial heritage communities.

In the harsh cold regions of China (Figure 2), the long cold winters and high heating
demand have led to particularly high energy consumption and high carbon emissions,
and the existing low-carbon retrofit studies have ignored the situational and networked
characteristics of carbon activities. In the carbon space network, the overall carbon activi-
ties of the community can be considered in a contextualized and systematic perspective,
defining carbon activities into space, optimizing the nodal elements of the carbon space
network, and considering the interrelationship between nodes to achieve carbon reduction
in industrial heritage communities. At the same time, the analytic hierarchy process is used
to analyze the conservation and utilization elements of industrial heritage communities,
and, on this basis, the carbon space network is combined to determine reasonable trans-
formation measures to achieve the goal of sustainable development while preserving the
historical heritage and ecological environment.
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The UN IPCC and international institutions such as the World Bank have pointed out
in their studies that CO2 emissions come from seven main areas: energy, transportation,
buildings, industry, agriculture, forestry, and waste disposal. Among them, the five main
elements of the carbon cycle system affecting the community are energy, transportation,
buildings, production, and consumers [14]. Industrial heritage communities are an impor-
tant type of industrial heritage with high historical, artistic, scientific, social, and cultural
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values, as well as being an important element of urban cultural identity and a part of
contemporary urban life. The keyword search of the relevant literature review in recent
years is shown with Figure 3.
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In terms of industrial heritage community conservation, Liu Lihua et al. [15] selected
the workers’ village in Tiexi District, Shenyang, as a research object to analyze the mutual
influence of urban industrial heritage and community memory sites, to explore the means
of revitalizing urban industrial heritage buildings, and to strongly protect the community
memory sites so that they can become community public activity sites and realize urban
space regeneration. In the FAW industrial heritage community regeneration project in
Changchun, Liu et al., (2019) [16] proposed a design method based on context-aware
weighted multi-criteria decision making. The study focused on the analysis and application
of quantitative indicators while considering factors such as historical and cultural heritage
preservation, environmental protection, and social development to achieve sustainable
industrial heritage community regeneration. However, these approaches are vaguer and
have not been analyzed quantitatively.

Zhao et al. [17–21] explored the strategies and methods of the green transformation of
industrial heritage communities, and proposed a sustainable green transformation model
including, for example, building energy conservation, environmental protection, and land-
scape greening. These approaches are more mature and actual cases exist, but they do not
think deeply about the community’s microclimate environment and carbon network, and
they think less about the nature of carbon activities. The common practice of certifications
and standards for energy efficiency and emission reduction in buildings (such as the Euro-
pean Union’s Near Zero Energy Building Standard) is to optimize energy use in isolation,
without considering the urban environment or interaction with the surrounding environ-
ment. The carbon networks of communities are often complex and poorly understood, so it
is particularly important to understand the carbon fabric in communities. Jin, Shi, Sun, and
Tan et al. [22,23] used an integrated approach including a combination of data collection,
statistical analysis, and modeling techniques to study multiple medium variables including
carbon emissions, land use intensity, urbanization level, population density, industrial
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structure, and economic development. These studies used various statistical methods such
as correlation analysis, principal component analysis, and regression analysis, and found
that carbon emissions were positively correlated with land use intensity. This indicates
that a higher land use intensity is associated with higher carbon emissions, and economic
development and industrial structure are also found to have significant effects on carbon
emissions. RD. et al. [24] in 2019 sorted out and summarized the research results about
the sustainability of industrial heritage regeneration in recent years, and analyzed and
reviewed them from multiple perspectives. The study focused on sustainability, urban
planning, cultural heritage preservation, and socio-economic aspects, and summarized the
main results and problems of the research. However, previous studies only summarized
and analyzed the research on the sustainability of industrial heritage regeneration in re-
cent years, but did not discuss the experience and application results of specific practices
in depth. From the review of the literature, previous studies have placed the regenera-
tion element indices in a relatively single way and have not formed a systematic theory
and method.

Network science and system dynamics have become powerful frameworks for under-
standing and analyzing complex systems in a variety of fields. Havlin S. et al. explore the
challenges faced in diverse fields including infrastructure, climate, social systems, applied
network science, and economics. These challenges include modeling dynamic interactions
in multilayer networks, predicting cascading failures and system resilience, and incor-
porating real-time data to improve decision making [25]. This is also a challenge for the
low-carbon retrofitting of industrial heritage communities. Industrial heritage communities
are complex systems that require a network approach to thinking about conservation and
retrofitting. Labanca N. et al. delve into the connections between complex systems theory
and social practices, exploring how the combination of the two can provide innovative and
effective decarbonization strategies. Research has shown that complex systems theory, with
its emphasis on interconnections and non-linear interactions within systems, can explain
low-carbon strategies under the influence of social norms and cultural factors and can
understand the role of user behaviors and habits in technological change, as well as develop
a range of practical pathways [26]. The complex dynamics of communities in networks
have been studied in depth by Porter M A. et al. By exploring the underlying structure of
networks, they have revealed the emergence and characterization of communities, provid-
ing valuable insights into the complex interactions between the components of networks.
In the process of the low-carbon transformation of industrial heritage communities, the
conservation and low-carbon elements can be better guided by dissecting them through the
idea of a system network [27]. However, most of today’s research is directed at theory and
not put into practice. In other words, the existing practice and research only consider the
information points in the network, but not the control points and decision points. Therefore,
one of the aims of this paper is to construct a complete carbon spatial network of industrial
heritage communities, which can be used to guide subsequent research and practice.

The green regeneration of industrial heritage communities is the embodiment of
sustainable development, which can promote the cultural and economic development of
the city while preserving the historical and cultural heritage, as well as maintaining the
ecological balance. Constructing a heritage conservation value judgment system, carbon
space network model, renewal theoretical framework, and method for industrial heritage
communities will greatly contribute to the resilient and low-carbon development of cities.
The innovative aspects of this study are as follows:

1. The conservation and low-carbon retrofitting of industrial heritage communities
are considered from a network perspective. The elements of conservation and low-carbon
retrofit are connected to form a carbon space network to systematically guide the conserva-
tion and renewal of existing industrial heritage communities, and to meet the basic needs
of heritage conservation, low-carbon, and human settlements.
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2. We combine theory and practice: we integrate the information points, control points,
and decision-making points in the network to better promote the research and practice of
heritage community retrofitting.

3. We build a carbon space network from a spatial perspective, combining the living
space, green space, and road space in the community, which is conducive to clarifying the
carbon activity texture of the community, and then targeted retrofitting.

2. Materials and Methods
2.1. Research Subjects

In the Nizhny Tagil Charter for Industrial Heritage, it is clearly stated that the value
of industrial heritage communities, which include places for social activities related to
industry such as housing, should be recognized and preserved through appropriate means,
and that residential amenities are usually expressed as industrial heritage communities,
which generally refer to those containing industrial heritage surrounded by amenities that
meet the needs of employees and surrounding residents for housing, living, interaction,
and leisure. These community spaces contain artistic values, cultural values, and strong
use functions, and are tools for improving the image of the city and generating a stronger
identity, as well as being a catalyst for urban regeneration and contributing to the local
community and economy [28]. In China, it refers to the communities built and managed by
large industrial enterprises after the founding of the country, during the First Five-Year Plan
and Second Five-Year Plan (1949–1962), and subsequent developments, to meet the needs
of employees and their families in terms of housing, living, interaction, and leisure. Within
this category, communities with rich historical remains, intact life forms, and complete
spatial structures, and belonging to historic areas are collectively referred to as industrial
heritage communities [29,30]. Currently, the land use of industrial heritage communities is
no longer in line with the needs of the times; many hidden carbon sinks are not utilized,
and there are problems such as poor habitat, low energy efficiency, high carbon emissions,
and poor climate resilience [31]. The distribution of industrial heritage communities in
the harsh regions of China selected for this paper is shown in Figure 4, with data from
provincial government plans, Google satellite maps, GIS data, and field research.
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It is important to note that, in the vast majority of cases, clearly defined boundaries of
a community are generally the administrative boundaries that are accepted by residents
and often used by public agencies for planning, zoning, and data collection [32]. Within
the industrial heritage community, there are two kinds of scopes that need to be protected
and those that do not need to be protected. Based on China’s cultural relics protection
law and related regulations, this study divides the industrial heritage community into the
scope of ontological protection, style co-ordination zone, and modern living zone, using the
boundary of morphological zoning, roads, and landmark building nodes as the dividing
line, which is used to further clarify the boundary conditions for protection and renewal,
so as to facilitate further retrofitting and renewal.

2.2. Research Methodology

In a study in Famagusta, Cyprus, Ozarisoy B. et al. identified relationships between
different relevant variables based on residential patterns and household habit adaptation
behaviors on household energy performance, which will deepen our understanding of these
relative impacts and predict the interactions between these variables, which can ultimately
be calibrated for certain groups of people’s energy consumption [33]. These variables
include households with different social and demographic characteristics, energy efficiency
methods based on household awareness, heating and cooling systems, different modes of
energy use, and household energy use, which reflect the low-carbon elements of the system
network perspective and are a necessary starting point for realizing low-carbon retrofits.
In other studies on the impact of settlement layout on energy consumption, Deng Q. et al.
considered the impact of building layout on energy consumption and explored the impact
of enclosed layout, staggered layout, and orientation on energy consumption [34], but
another important piece of data that affects energy consumption and carbon emission in
settlements is land use, which should be considered systematically. It is worth emphasizing
that the above studies consider the real energy performance and the interconnections
between some of the elements, which can be a guide for related low-carbon retrofit studies.
Therefore, in this study, based on the measurement of real energy performance, carbon
activities in time and space as well as the main elements affecting carbon activities in
industrial heritage communities were considered to further guide the low-carbon retrofit of
industrial heritage communities. It is also important to note that the carbon spatial network
is a scenario-based projection of carbon-saving potential for the future based on the current
situation. The root principle is to improve the overall carbon-saving potential through
the transformation of elements with high relevance to carbon emission elements and the
improvement of the linkage of information points, decision points, etc., in order to achieve
the purpose of carbon reduction.

This study aims to provide theoretical support and tools for the implementation of
industrial heritage community renewal in practice based on the carbon space network.
First, establish a value assessment and protection system to determine the boundary
conditions for retrofitting, with heritage value judgment and community livability as the
preconditions; second, on the basis of climate change, as well as community microclimates,
construct a carbon space network model, considering situational and networked community
carbon emissions, and construct a community carbon space network to address low-carbon
community issues at the system level; thirdly, based on the element data of 16 industrial
heritage communities, a correlation analysis was conducted to determine the relationship
between the elements of community carbon space network nodes and carbon emissions on
the basis of carbon space network, and we apply it to the retrofitting method (Figure 5).
Therefore, this study applies not only to the cold regions of China, but also to parts of the
European Union and other countries and regions with similar continental climates that are
also in cold regions.
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2.2.1. AHP-Based Value Assessment

Usually, listed industrial heritage communities are only listed to some extent to
meet heritage regulations—the aim is for them to be properly maintained and protected,
which usually means keeping the façade of the building and changing other parts. The
problem with this approach, however, is not only the loss of the valuable design of the
building itself, but also the loss of the specific sense of place that the former industrial area
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must provide [35,36]. In previous conceptions, the retrofitting of historically significant
communities was seen as a cultural risk, and, therefore, local legislation placed restrictions
on the retrofitting that might apply; i.e., the higher the relevance or uniqueness of the
heritage asset of the building or environment, the more restrictive the conditions for
regenerative design. Analytic hierarchy process (AHP) is a quantitative analysis method
that decomposes the elements related to decision making into various levels such as
objectives, criteria, and options, and calculates a comprehensive index by determining the
weights of each element [37]. The specific process is shown in Figure 6.
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Figure 6. The specific process of analytic hierarchy process.

In the context of stock planning, value determination of industrial heritage commu-
nities is a crucial part of conservation and development [38]. When assessing the value
of industrial heritage, people tend to focus on the structural form, material, and space of
the building itself, while underestimating the living environment and urban value of the
heritage. Based on the existing research, we applied the method of spatial morphological
zoning to carry out an overall morphological zoning of the community. Moreover, this
study uses the existing community roads and other obvious boundaries as the boundary
of morphological zoning, and takes into account the similarity of functions and different
stages of historical development to further form “morphological areas with obvious spa-
tial morphological characteristics”. Finally, AHP was used to make value judgments on
different morphological partitions of the community.

In order to make a relatively objective value judgment of morphological subdivisions,
a sub-objective evaluation system for morphological subdivisions is first established, which
mainly includes the content of the index system, weights, and scoring system for the
evaluation of material elements of the community [38]. In this study, morphological zoning
is considered as an overall unit, and the heritage value of industrial heritage communities
is divided into six A-level indicators based on the evaluation criteria of heritage guidelines,
research, and expert opinions, combined with the typical characteristics of communities,
and 15 B-level indicators are established on this basis as primary evaluation indicators
(Table 1). The evaluation index system is not only applicable to the evaluation of the whole
industrial heritage plant area, but also applicable to the evaluation of the industrial heritage
individual units and even structures, facilities, and equipment. After that, the judgment
matrix was established by two-by-two comparison, and each evaluation index at the same
level was compared two-by-two, and the evaluation index m was assigned with n for
importance comparison (Table 2), after which the results were obtained by two-by-two
comparison of the industrial heritage community A-level indices after integrating the
questionnaires from experts.
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Table 1. Industrial heritage community value indicator system.

A-Level Indicators B-Level Indicators

Historical value A1
Longevity B1

Historical events B2
Relationship with the development of industrial culture B3

Value of science and technology A2 Industry pioneering B4
Engineering technology B5

Architectural artistic value A3
Architectural engineering aesthetics B6

Industry style characteristics B7
Landscape integrity B8

Social and cultural value A4 Social emotion B9
Industrial culture B10

Economic utilization value A5
Structure utilization B11

Space utilization B12
Reasonableness of current use B13

Environmental location value A6 Distance from other historic buildings B14
Degree of integration with the surrounding environment B15

Table 2. Schematic of the 1–9 level scale method.

Scale Meaning

1 m is as important as n
3 m is slightly more important than n
5 m is significantly more important than n
7 m is strongly more important than n
9 m is definitely more important than n

2,4,6,8 Intermediate values in the judgment

2.2.2. Carbon Space Network Construction

The relationship between humans, communities, buildings, urban microclimate, and
global climate is complex. Therefore, in this study, microclimate is the basis for sorting out
the texture of carbon activity. Climate—especially microclimate—affects a community’s
carbon emissions, energy efficiency, and outdoor comfort. Oke identified three main causes
of changes in urban microclimate: (1) interception of short- and long-wave radiation by
buildings, (2) reduction of long-wave thermal radiation due to reduced sky visibility, and
(3) increased sensible heat storage in buildings [39]. These elements influence the nodal
elements in the carbon space network and have a large impact on various properties of
the communities.

In the carbon space network of industrial heritage communities, we divided them into
residential space network, transportation space network, factory space network, public
space network, and green space network based on human behavior, spatial morphological
zoning, and functional elements (Table 3, Figure 7). These spatial network node elements
partially overlap with the heritage value assessment elements and complement each other
for conservation and transformation. The advantage of considering carbon emissions in a
scenario is that the fixed, mobile, and hidden carbon activities can be considered using the
closest realistic approach, and these elements are integrated in the carbon spatial network
of the industrial heritage community, with the nodal elements shown in Figure 8. The
carbon activities influenced by these elements mainly include direct and hidden carbon
sources, with direct carbon sources being carbon generated from activities such as fossil
fuel consumption, transportation fuel consumption, and waste disposal. The hidden
carbon sources include mainly the microclimate impact on green vegetation and, thus, the
difference in the activity of carbon sources and sinks, but also the carbon-saving potential
of solar photovoltaic panels, etc. and the impact of heat exchange between the external
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environment and the building. Hidden carbon sources also include indirect carbon sinks
from the influence of the overall community form, such as the impact of community
building porosity and volume ratio on light, ventilation, and heat production. These
elements, as carbon space network nodes, are central to the conservation and renewal of
the community, and, together, they have an impact on community carbon activities.

In this paper, the sample selection of carbon space network node elements is carried
out through 16 representative industrial heritage communities. The 16 samples were chosen
for this reason [40–43]:

1. They were built in the same era.
2. The overall size of the community is similar and the land use intensity of the

residential buildings is similar.
3. The aging of the building envelope, public facilities, etc. is similar.
4. The master plans are similar and they are in the same climatic zone, so their

microclimates are also relatively similar.
5. Their existing methods of renovation are also relatively close, especially under the

general rules of heritage conservation.
And, because the other samples were not columnarly additive to the 16 samples

selected for this study, we ultimately chose these 16 industrial heritage communities for
our sample pool.

Table 3. Composition of industrial heritage community network.

Composition of Industrial Heritage Community Network
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2.2.3. Application of Network Model

The process of regeneration of industrial heritage communities aims to optimize
the existing retrofitting framework, address climate change, optimize the habitat, and
balance heritage preservation with carbon emission reduction. At the community scale,
the layout form, land use, and land cover are key to the thermal environment, overall
energy consumption, and carbon emissions [18]. This study is based on the idea of system
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network, dissecting the key node elements of the network, integrating these elements into
each step of the retrofit design process, and improving the efficiency and accuracy of the
retrofit design (Figure 9). In the model application, we simulated close to realistic scenarios
and combined them with real scenario measurements to achieve the closest-scenario-based
understanding of the carbon activity texture.
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Microclimate is the basis for the conservation and renewal of industrial heritage
communities, and, in order to obtain accurate ground simulation data, the Indra urban
future weather algorithm based on the Indra urban future weather algorithm was used in
this paper to generate future weather files, which combines historical weather data with the
output of climate change models (global and regional climate models) to create files with
near-realistic future weather [44]. However, due to the problems inherent in the algorithm,
the method can only generate future weather files for typical cities, which may partially
deviate from reality to some extent. Therefore, this study uses an average distribution of
historical weather data samples to generate future weather files and uses the algorithm to
generate more stable future EnergyPlus/ESP-r weather (EPW) files.

For microclimate, the grasshopper-based dragonfly urban weather generator (UWG)
was used to generate accurate community microclimate data. UWG can be used as data
pre-processing alone or in combination with existing programs to build joint simulation
methods. It uses several key geometric and physical variables (building height, roads,
roofs, maintenance structures, etc.) to construct the data files [45]. They provide the basic
model and weather files for the subsequent performance simulation and optimization of
the retrofit process, and are the original database for the entire retrofit process. On the
other hand, due to the dynamic nature of the urban environment, the outdoor thermal
environment depends on many relevant factors: the characteristics of the conditions inside
and outside the building, the relationship between materials and energy use, global climate
change, and local microclimate. Also, relevant factors include temperature, solar radiation,
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wind distribution and velocity, absolute and relative humidity, building density, height, etc.
The above complex elements require us to use the universal thermal climate index (UTCI)
to model the outdoor thermal environment simulation. In the study, the grasshopper-based
ladybug plug-in was used for outdoor wind, light, and thermal environment simulations.

Carbon emissions and energy consumption are a key part of retrofitting industrial
heritage communities. For carbon emissions and energy consumption from building opera-
tions, this study uses the UMI plug-in developed by MIT Labs to assess the environmental
quality and performance of the community. In the measurement process, we also consider
the impact of building form, envelope materials, window-to-wall ratio, and other factors
on carbon emissions and energy consumption. Compared to other carbon and energy
simulation plug-ins, UMI runs faster and produces more accurate results.

The carbon sink in the community mainly includes greenfield carbon sink and soil
carbon sink, and the carbon sink is measured by i-Tree method. i-Tree is an urban forestry
analysis and eco-efficiency evaluation model developed by the U.S. Forest Service in 2006.
For community green space carbon sink estimation, this study uses i-Tree Streets and i-Tree
Eco for measurement. i-Tree Streets is a street tree-specific analysis tool for urban forest
managers that quantifies the structure, function, and value of annual tree benefits using tree
single data, and i-Tree Eco quantifies annual tree benefits based on field data, local hourly
air pollution, and meteorological data on urban forest structure, environmental impacts,
and community values; both models measure the storage and sequestration of CO2 by the
study population, and also include the impact of the study population on building energy
consumption and indirect reductions in CO2 emissions and air pollution removal [46].

3. Simulation Process and Data Analysis
3.1. Parameter Settings for Community Simulation

In order to facilitate the control of variables in the numerical simulation process and
reduce the interference of other factors to the data, three benchmark data of land use
intensity, resource use, and energy use are selected in the simulation of the relationship
between core community indicators and carbon activities.

The intensity of land use in a community is the extent to which land is used for various
purposes within that community. It can also refer to the extent to which human activities
and development occur on land in a given area. It is a measure of the intensity with which
land is developed or used for different activities, such as residential, commercial, industrial,
agricultural, or open-space purposes [47]. The intensity of land use can be assessed by
factors such as floor area, number of buildings or structures, population density, floor area
ratio (FAR), and the proportion of land designated for different uses [30,47]. In order to
strike a balance between land use intensity, community needs, environmental sustainability,
and other relevant factors, the following elements were considered along with the setting
of the above parameters: (1) Land Use Types: Define the different land use types in
the community, such as residential, commercial, industrial, agricultural, recreational, etc.
Assign a specific intensity value to each land use type based on the level of activity or
development associated with it. (2) Density: Set the population density of a residential
area. This parameter determines the number of people living in a given land area and can
influence the intensity of land use. (3) Environmental factors: Consider environmental
restrictions and conservation goals. For example, if there are sensitive ecological areas
or protected targets, further adjust the intensity of land use in these areas. (4) Porosity
represents the ability to ventilate and collect light in an area, and refers specifically to the
rate of scenic passage over a barrier formed by the enclosure of buildings, structures, trees,
etc. This factor is a reflection of both land use intensity and community form, and has a
greater impact on community carbon activity.

When setting the parameters of resource utilization and energy use settings at the same
time, we consider the following elements: (1) Population: Determine the size and growth
rate of the simulated population. This will affect the demand for resources, such as housing,
transportation, water, and energy. (2) Land Use: Define the allocation of land for different
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uses, such as residential, commercial, industrial, and open space. Consider the intensity of
land use required and the proportion dedicated to each type of land. (3) Resource Demand:
Estimate the consumption patterns and resource demands of the simulated population.
This includes energy use, water consumption, waste generation, and transportation needs.
(4) Building Energy Efficiency: Define the energy efficiency standards for buildings in
the community. This includes the envelope, HVAC system efficiency, lighting standards,
and electrical energy ratings. (5) Environmental Factors: Consider environmental factors
such as the renewable energy potential, availability of natural resources, and vulnerability
to the effects of climate change. These factors can guide decisions on how resources are
allocated and utilized. (6) Climate and Weather: Consider the climate and weather patterns
of the community. Different climatic conditions can affect energy consumption for heating,
cooling, and other uses. Considering the impact of seasonal variations and extreme weather
events on energy use, we primarily consider community energy consumption and carbon
emissions in winter due to climate conditions in harsh regions.

For the purpose of a correlation analysis, a data set was created in this study. This data
set includes the values of carbon emissions and land use intensity of different communities
in four provinces in the severe cold areas of China (Appendix A); also included are different
forms of building layouts, which include homes, as well as other public buildings within
the neighborhood. Among them, in this paper, energy consumption and carbon emissions
are simulated for a period of 50 years and the basic units are kWh/m2 and kgCO2/m2.
These elements play an important role in optimizing the performance of communities
as nodal elements of the carbon spatial network. The correlation elements among these
variables are shown in Figure 10.
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The necessary data for the study came from a series of government announcements,
research surveys and GIS, and simulation data that were consistent with the spatial and
temporal scales of the analysis. In this study, the building performance was simulated for
energy intensity and carbon emission according to local climatic conditions, green building
design standards, and retrofitting constraints, and the residential geometric model was set
to a 20% window-to-wall ratio in the east–west direction, 50% and 40% window-to-wall
ratio in the north–south direction, and building floor height was set to 3 m [45,46]. The
input parameters for the energy simulation are based on Chinese regulations on carbon
emissions and energy use, assuming an annual radiant lighting rate of 600 kWh/m2 for
exterior walls and 800 kWh/m2 for roofs, and heating from October to December and
January to March. The heat transfer coefficient is U = 0.95 W/m2-K for exterior walls,
U = 0.5 W/m2-K for roofs, and U = 5.5 W/m2-K for windows. Other public buildings are
set according to the existing state, and the default window opening rate for plants is 10%.
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To ensure accuracy and consistency, missing values, outliers, and inconsistencies in the
data were handled centrally. Pearson’s correlation coefficient in SPSS was used to calculate
the correlation coefficient between land use intensity and carbon emissions, ranging from
−1 (strong negative correlation) to +1 (strong positive correlation), with 0 indicating no
correlation. A positive correlation indicates that carbon emissions tend to increase as land
use intensity increases, while a negative correlation indicates the opposite. The strength of
the correlation is indicated by the absolute value of the correlation coefficient, with values
closer to 1 indicating a stronger relationship.

3.2. Correlation Analysis of Carbon Emissions and Land Use Intensity

Land use intensity provides insights into the spatial organization of communities,
guiding the creation of sustainable, efficient, and livable community environments, and
is an important part of the carbon space network [47]. Determine the floor area ratio
and land cover to represent the land use intensity, and land cover using the green space
ratio, building density, and road density. Use energy consumption and industrial activities
as carbon emission indicators to calculate carbon emissions for each community in the
data set.

Because carbon space networks contain multiple elements that influence community
carbon emissions, the mechanisms of influence among networks are complex. For example,
the species of trees and the species of soil micro-organisms vary in each community. On
the basis of meeting basic usage needs, livability, and inter-network complexity, this study
carefully considered this complex mechanism and came up with more accurate correlation
analysis results. As shown by the correlation analysis (Figure 11), there is a positive
relationship between carbon emissions and land use intensity. Areas with a higher land
use intensity tend to have higher carbon emissions due to increased industrial activity
and energy consumption. Among them, communities with a higher floor area ratio and
road density have high carbon emissions and show a significant positive correlation. It
should be noted that vegetation cover, bare land area, and carbon emissions showed a
negative correlation, indicating the potential role of green plants and soil micro-organisms
in reducing carbon emissions. Porosity, as an important indicator of the community
landscape’s thermal environment, also correlates with the community morphology at the
same time. The greater the porosity, the higher the ventilation and light capacity of the
community, which can affect the scenic environment of the community, so porosity is also
one of the important factors affecting potential carbon sources.
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Based on the measured simulation data and analysis results, and based on the statistics
in Appendix A, we believe that the floor area ratio of the industrial heritage community
should be controlled between 2.1 and 2.5; building density between 35–40% except for
industrial buildings; the number of floors of residential buildings between 7–14, and this
limitation of the number of floors is conducive to the preservation of the style of heritage
buildings; and the road network density between 4.16–4.50%, and the roads should be
mostly permeable paving. This approach could lead to an increase in the area of bare land
and, thus, the development of potential carbon sinks. Porosity should be 35–45%; the green
space ratio should be 20–35%; and street trees are not counted in this part.

3.3. Correlation Analysis of Communities’ Form and Carbon Emissions under the Influence of Land
Use Intensity

The building layout form of a community not only directly affects aspects such as
the ventilation of residential interiors and the comfort of outdoor public spaces, but also
determines the energy consumption of the building [48,49]. To further understand the
impact of community form on carbon emissions, the building frontal spacing and side
spacing were clarified with reference to the <<Urban Residential Area Planning and Design
Standards>> (GB50180-2018) and the <<Technical Regulations on Urban and Rural Plan-
ning Management of various regions>>, taking into account the differences of multi-story,
mid-rise, and high-rise buildings, and mainly considering the impact of the three layout
forms on community carbon emissions, as well as livability.

We measured the impact on carbon activity caused by three types of layout patterns—the
enclosed layout, row layout, and staggered layout—within each community. The enclosed
layout and staggered layout have less impact on carbon emissions, which is because
this layout can improve the internal scenery and heat environment, reducing the heat
exchange between indoor and outdoor, so that the hidden carbon sources and sinks can be
developed to achieve the purpose of reducing carbon emissions. We further considered
the potential carbon sinks of the three layouts, such as the potential carbon reduction from
solar photovoltaic panels, and this study concluded that buildings with staggered layouts
could receive more daylight and, thus, have greater carbon reduction potential (Figure 12).
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4. Design Case Validation for the Renewal of an Industrial Heritage Community in a
Severe Cold Region
4.1. Conservation Component of Industrial Heritage Communities

This research verifies the impact of each element in the carbon space network on
carbon activities, and focuses on the land use intensity and layout pattern of the community.
The aim is that designers can retrofit industrial heritage communities with a network
perspective. In the renewal design of the industrial heritage community, the morphological
zoning and value assessment of the architectural heritage in the community were carried out
first. Using the existing heritage protection area and obvious boundaries such as community
roads as the boundaries of morphological zoning, the entire community was divided into
seven morphological zoning areas for protection according to the similarity of functions and
the different stages of historical development (Figure 13). The other areas are the landscape
protection areas and modern development areas. For the morphological partitioning results,
AHP is used to split the overall objective of comprehensive value judgment into primary
and secondary index systems, after which we perform a comprehensive evaluation score
and weighted decision analysis according to the different levels.
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According to the methodology identified in Section 3.1, we compared m with n in a
two-by-two comparison, and, after combining the questionnaires from experts, we tallied
the results of the two-by-two comparison of A-level indicators for heritage buildings in
industrial heritage communities, as shown in Table 4.
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Table 4. Industrial heritage community A-level indicator judgment matrix expert statistics.

Assign A1 A2 A3 A4 A5 A6

A1 1.000 2.083 2.100 2.700 3.933 3.725
A2 0.480 1.000 1.008 1.296 1.888 1.788
A3 0.476 0.992 1.000 1.286 1.873 1.774
A4 0.370 0.771 0.778 1.000 1.457 1.380
A5 0.254 0.529 0.534 0.686 1.000 0.947
A6 0.268 0.559 0.564 0.725 1.056 1.000

After that, the judgment matrix is normalized to obtain the weight vector of each
index (this research adopts the root method). The process of calculating the weight of each
indicator of industrial heritage is as follows:

In the first step, the elements of each row of the judgment matrix are multiplied
together, as M1 = 1 × 2.083 × 2.1 × 2.7 × 3.933 × 3.725 = 173.030. Similarly, M2 = 2.116,
M3 = 2.071, M4 = 0.446, M5 = 0.047, and M6 = 0.064.

In the second step, the product of these products is divided five times, such as
w1 = 2.803. Similarly, w2 = 1.162, w3 = 1.151, w4 = 0.851, w5 = 0.542, and w6 = 0.578.

In the third step, vector normalization is performed to derive the A-level indicator
weights wi = w1

∑n
j=1 wj , w1 = 0.164, w2 = 0.164, w3 = 0.162, w4 = 0.120, w5 = 0.076, and

w6 = 0.082.
The maximum characteristic roots of the industrial heritage value index system were

obtained and tested for consistency. Maximum characteristic root λMAX = 1
n ∑n

i=1
Awi
wi = 6.050.

Afterwards, the consistency index is calculated for CI = λMAX−1
n−1 = 0.01 < 0.1. Since this

matrix is a sixth-order matrix, it needs to be substituted into the consistency index RI = 1.24,
and we obtain CI

RI = 0.008 < 0.1. The judgment matrix meets the consistency requirement.
For the B-level indicators, weights were calculated in the same way as for the A-level

indicators, and the results were [0.272, 0.358, 0.370], [0.692, 0.308], [0.752, 0.248], [0.476,
0.223, 0.301], [0.551, 0.266, 0.183], and [0.732, 0.268]. By calculation, the weights of the
indicators of the three major power road industrial heritage communities at each level are
summarized in Table 5.

Table 5. Industrial heritage community value evaluation index weights.

A-level Indicators Weights B-Level Indicators Weights

A1 0.396
B1
B2
B3

0.108
0.142
0.146

A2 0.164 B4
B5

0.113
0.051

A3 0.162 B6
B7

0.122
0.040

A4 0.120
B8
B9

B10

0.057
0.027
0.036

A5 0.076
B11
B12
B13

0.042
0.020
0.014

A6 0.082 B14
B15

0.060
0.022

Each indicator of the assessment object is assigned a score, and the indicator assign-
ment is multiplied by its weight to obtain a comprehensive evaluation index by aggregating
the scores of each indicator. We judge the industrial heritage grade according to the com-
prehensive evaluation index and determine the renewal method. Industrial heritage with
comprehensive evaluation indices above 80 points has the greatest industrial heritage value
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and belongs to the first-class industrial architectural heritage (immovable cultural relics
level), which should be protected in a comprehensive way. Industrial heritage with a
comprehensive evaluation index between 60 and 80 points has a greater value and belongs
to the second level of industrial heritage (historical building level), and it is appropriate
to adopt the means of “protection as the main focus and renovation as a supplement”
for renewal. Industrial heritage with a comprehensive evaluation index between 40 and
60 points has a fair value and belongs to the third level of industrial architectural heritage
(higher value industrial heritage level), whose reuse should adhere to the principle of
“transformation as the main focus and protection as a supplement”. Industrial heritage
with a comprehensive evaluation index between 0–40 points has a very low industrial
heritage value and belongs to the fourth level of industrial architectural heritage (general
industrial heritage level), which can be dismantled and rebuilt as needed, while other parts
of modern forms can be dismantled and rebuilt according to the situation.

4.2. Retrofitting and Renewal of Industrial Heritage Communities

In order to better explore the livability and various performances within the commu-
nity, we selected morphological zoning V-2 and its surrounding buildings for performance
simulation (Figure 14). In order to improve the performance of the community’s environ-
ment and, thus, improve the comfort of the community, based on the principles of heritage
preservation and morphological zoning, the community has a total area ratio of 2.10, a
building density of 42%, a porosity ratio of 40%, and a green ratio of 35%. The density
of permeable pavement road is 4.47%, and the area of impervious hard pavement road
accounts for 15% of the total road area, which is mostly the hard pavement of urban roads
and factories. According to the plan, the area where solar photovoltaic panels can be laid is
30% (Figure 15). The building spacing and orientation are implemented according to the
Urban Residential Planning and Design Standards and the General Urban Design Rules.
Other parameters are shown in the Appendix B.
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The performance of a community’s energy and carbon activities involves many aspects,
including the form of the building layout, the floor area ratio, and the building envelope.
The study considered energy performance and carbon emissions at the urban design
level, and the results are shown in Figure 16. We also simulated the community elements
before the retrofit, which resulted in a 16.1% reduction in energy consumption and an
approximately 29.9% reduction in carbon emissions compared to the pre-retrofit period.
The reason for this phenomenon is the change in the form of the community, i.e., the change
in the form of the layout of the building from an incomplete enclosed first floor to a double
enclosed form, which allows the current building layout to significantly reduce the heat loss
caused by unstable airflow. The other side of the reason is the change in land use intensity
and land cover form. For example, the increase in green space area and the reduction in the
hard impervious road pavement area also significantly improve the carbon space network
nodes, thus reducing energy consumption and carbon emissions. In order to adapt to
climate change, we also projected the future carbon emissions and energy consumption of
the community, which increased with climate change, increasing population, and aging of
the envelope, but with smaller changes.
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The community has a green space ratio of 35%, and, including street trees, 11.3% of
the total community area is bare land. According to the field research and simulation data,
we counted the condition of greenery and the area of bare land for different specifications,
and the specific parameters are shown in Table 6.
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Table 6. Greening conditions of the study area.

Vegetation Elements Total Shrub and Tree Area Grassland Area Total

i-Tree: Ground trees: Vegetation > 1 m and 30 mm or above DBH 1 7400 -- 8500
Online Carbon Calculator: Height of shrubs/trees > 1 m,

or <30 mm DBH -- 410 410

Soil carbon 2 24,000 62,000 87,000
Subsurface carbon in the root mass of trees < 20 mm 110 -- 110

Total 96,000

Note 1: Some shrubs and trees contain ground cover; Note 2: The figures in columns 2 and 3 calculate soil carbon
using Thomason’s (2011) [50] conversion factors of 6.93 kgC/m2 and 5.43 kgC/m2, respectively. All figures
are rounded.

Based on the calculations of the i-Tree model, we calculated the carbon sink capacity of
the relevant carbon activities, as shown in Table 7, the air pollution removal potential of the
project site vegetation >1 m and >30 mm diameter is estimated to be about 16,000 g, which
can reduce the average temperature inside the community by about 1.22 degrees Celsius.

Table 7. Estimated carbon sink capacity according to the i-Tree model.

Number Category Existing and Potential Carbon Stocks (kg)

1 Existing carbon content of shrubs and trees, and all soil carbon
including root biomass. 102,680

2 Above-ground carbon potential of 8728 square meters. 2200
3 Additional soil carbon from shrubs/trees in original grassland. 14,290
4 New root biomass carbon in new tree areas. 2380

Realizable potential (2–4). 38,670

In conducting the livability assessment, we measured using seven criteria within the
scope of the retrofit, as shown in Figure 17, which represents a schematic representation of
outdoor comfort in four extreme environments: with wind and daylight, daylight and no
wind, wind and no daylight, and no wind and daylight. It can be seen that the extreme
hot and cold environments of the four retrofitted environments were significantly reduced,
with a significant increase in comfort and being better suited for improving the community
environment. According to the comparative analysis of chromatographic extraction, the
extreme hot and cold environments were all reduced by 5.3% compared to the pre-retrofit
situation. One of the reasons for this phenomenon is that the building layout and building
height have affected the wind environment within the site, accelerating the exchange of hot
and cold air and allowing the site to receive more reasonable sunlight. At the same time,
the reduction of hard paving and the increase in the amount of greenery in the site have
also led to changes in the outdoor thermal environment.

The layout pattern of the community can have a significant impact on the carbon
activity as well as the scenic thermal environment. As shown in Figure 18, the wind
environment is explored for the pedestrian height of the community (1.5 m) and the
southwest wind direction. Due to the change in the form of the building layout, the wind
distribution within the site has also changed significantly. The interior of the renovated site
is free of uncomfortable areas of intense air movement and narrow ventilation corridors. It
can be seen that the long façade of the building accelerates the horizontal vortex airflow
at the edges, thus increasing the efficiency of the convective exchange of hot air at low
altitude and cold air at high altitude, reducing unnecessary heat exchange and obtaining a
pleasant wind environment and thermal comfort at the pedestrian level.
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5. Discussion

In the process of retrofitting industrial heritage communities, designers should pay
attention to improving the environmental form of the community, providing residents with
a good living environment, and addressing the issue of balancing heritage preservation
and reducing carbon emissions on the basis of addressing climate change. In order to
balance heritage conservation and the low-carbon retrofit, this paper first uses AHP to
analyze the value of heritage elements and locate them in space. Then, the elements
affecting carbon activities in space are integrated to form carbon space nodes combined
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with heritage conservation elements, and the links between the nodes are analyzed to form
a carbon space network. At the same time, this paper uses a combination of qualitative and
quantitative methods to analyze and research the elements affecting community carbon
emissions in these aspects: appropriate land use intensity, resource and energy use, and
spatial morphology on the basis of heritage conservation.

5.1. Recommendations for Conservation in Industrial Heritage Communities

In terms of protection based on morphological subdivisions, we suggest that, on the
basis of the above scope, sufficient space should be allowed for morphological subdivisions
that require protection to facilitate further morphological protection. Based on the hierar-
chical analysis method, this study adopts a step-by-step approach to protect the scope of
architectural ontology protection and the scope of geomorphology protection within the
industrial heritage community in the following ways [51,52]:

1. Classify and score according to the first- and second-degree indices to confirm the
degree of importance of the different morphological subdivisions.

2. Calculate the weighting values of the indices, and divide the community as a whole
into four grades of morphological subdivisions.

3. Adopt the corresponding protection and renovation measures: a. Being immovable,
for comprehensive protection; b. Having protection as the focus, supplemented by transfor-
mation; c. Having transformation as the focus, supplemented by protection; d. Dismantling
and rebuilding as needed, but paying attention to the overall morphology zoning style.

5.2. Proposals for Decarbonizing Industrial Heritage Communities

Through case simulation verification, for the renewal of industrial heritage communi-
ties, this research recommends that the floor area ratio of industrial heritage communities
should be controlled between 2.1–2.5, the number of residential building floors should be
7–14, the road network density should be 4.16–4.50%, building density of 35–40%, and the
green space ratio should be 30–35%. In terms of the layout form of the community, this
paper recommends the adoption of more enclosed and staggered layouts on the basis of
ensuring livability [53,54]. This will make the space within the community have better
scenic and thermal conditions, which will enable the community to develop more potential
carbon sinks.

6. Conclusions

Existing industrial heritage community retrofitting lacks systematic network think-
ing, aiming only to increase the intensity of land use and the profitability of real estate
development, and low-carbonization retrofitting is also limited to the surface stacking
of technology. This study integrates various elements that affect carbon emissions into
a network, considers the interconnections between the elements, quantifies the carbon
activities of the community, and elucidates the relationship between the network elements
and carbon activities. For industrial heritage communities, the most important point is to
combine conservation with low carbon to build a network of “heritage conservation—low
carbon renovation—habitat enhancement—climate change response”, which is academi-
cally important for the conservation of industrial heritage, control of community heating
energy consumption and carbon emissions, and mitigation of global climate change. This
study utilizes a carbon spatial network to retrofit industrial heritage communities based on
a range of data measured in cold regions of China and other similar climatic zones, which
can result in a 21.1% reduction in energy consumption, an approximate 32.7% reduction
in carbon emissions, and a 7.3% reduction in the proportion of time spent in extreme heat
and cold environments per year for similarly sized communities. This avoids the unnec-
essary energy consumption and carbon emissions associated with some other retrofitting
approaches and results in a significant improvement in the quality of the habitat. The final
part of the paper builds on this research to propose strategies for the conservation and
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low-carbon retrofitting of communities that have practical implications for the conservation
and retrofitting of such communities.

But the correlation analysis in this research may not capture all of the complex factors
that influence carbon emissions and land use intensity. Factors such as transportation
infrastructure, energy sources, policy interventions, and socioeconomic factors can also
play an important role. Follow-up studies consider incorporating additional variables into
the analysis or conducting regression analyses to account for the effects of complex factors.
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Appendix A. Industrial Heritage Community Data Sheet

Test Points FAR GSR PR BD RD POPA
Carbon
Source

EA DA SA AAPOSP

Baotou First Thermal Power
Plant Family Area

2.19 25% 83% 34% 3.80% 12% 30.03 56% 28% 16% 29%

Baotou Textile General
Factory Textile District

2.85 22% 72% 41% 5.28% 8% 41.32 25% 68% 7% 31%

Dandong District 204 Road
North Community

2.60 31% 78% 32% 6.14% 9% 40.73 78% 14% 6% 23%

Dandong District 204 Road
South Community

2.45 28% 74% 33% 4.30% 13% 37.63 73% 18% 9% 24%

Harbin Electric Factory
Community

2.77 30% 85% 38% 4.15% 11% 39.66 23% 21% 66% 22%

Harbin Boiler Plant
Community

2.28 25% 79% 42% 4.20% 14% 35.61 17% 71% 12% 30%

Inner Mongolia Liberty
Road No.1 and No.2

Neighborhood Community
2.52 27% 82% 36% 5.11% 12% 33.33 72% 18% 10% 31%

Haqi Community 2.34 32% 89% 34% 5.43% 28% 36.90 82% 18% 55% 27%
Starlight Family

Community
2.67 26% 84% 37% 3.91% 13% 38.41 53% 32% 15% 30%

Sandaizi Workers
Community

2.29 35% 86% 27% 5.31% 26% 35.29 48% 21% 31% 19%

Dalian Shipyard Workers
Community

2.95 27% 73% 41% 6.01% 7% 45.71 43% 47% 10% 38%

Changchun Diesel Engine
Plant Community 1

2.47 28% 64% 38% 5.21% 14% 36.46 13% 78% 9% 31%

Changchun Diesel Engine
Plant Community 2

2.52 31% 82% 39% 4.39% 78% 36.77 11% 6% 83% 29%

Changchun FAW 3 Block 2.24 35% 71% 34% 4.61% 17% 33.63 41% 12% 47% 25%
Changchun FAW 6 Block 2.66 36% 86% 33% 3.72% 8% 38.95 72% 16% 12% 26%
Changchun FAW 8 Block 1.95 38% 83% 31% 3.65% 12% 28.63 65% 21% 14% 16%

FAR: Floor area ratio; GSR: Green space ratio; PR: Porosity rate; BD: Building density; RD: Road density;

POPA: Percentage of plant area; EA: Proportion of enclosed area; DA: Proportion of determinant area; SA: Propor-

tion of staggered area; AAPOSP: Area and proportion of solar panels that can be laid.
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Appendix B. Envelope Parameters

a. Non-transparent envelope parameters

Setting Value Units

Conductivity 0.9 W/mK
Cost 0

Density 2500 kg/m3

Embodied carbon 5.06 kgCO2/kg
Embodied energy 96.1 MJ/kg

Substitution rate pattern 0.2
Substitution timestep 50
Transportation carbon 0.067 kgCO2/kg/km

Transportation distance 500 km
Transportation energy 0.94 MJ/kg/km

Dirt factor 1
Back-side IR emissivity 0.84
Front-side IR emissivity 0.84

IR transmittance 0.01
Back-side Solar reflectance 0.43
Front-side Solar reflectance 0.27

Solar transmittance 0.11
Back-side visible reflectance 0.35
Front-side visible reflectance 0.31

Visible transmittance 0.14

b. Transparent envelope parameters

Setting Value Units

Conductivity 1.75 W/mK
Cost 0

Density 2400 kg/m3

Embodied carbon 0.24 kgCO2/kg
Embodied energy 2.12 MJ/kg

Substitution rate pattern 1
Substitution timestep 100
Transportation carbon 0.067 kgCO2/kg/km

Transportation distance 500 km
Transportation energy 0.94 MJ/kg/km

Moisture diffusion resistance 50
Roughness Rough

Solar absorptance 0.7
Specific heat 840

Thermal emittance 0.9
Visible absorptance 0.7
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